We have investigated the effects of crystal structure and size of Li[Ni 1/3 Co 1/3 Mn 1/3 ]O 2 (L333) cathodes on the performance of lithium-ion batteries. Cation ordering and particle sizes were determined as a function of annealing temperature with subsequent electrochemical performance monitored by cyclic voltammetry (CV) and charge-discharge testing. With increasing annealing temperature, L333 exhibits a greater cation ordering, which subsequently benefitted cell performance. However, higher annealing temperatures yielded larger crystal sizes, which resulted in a decrease in high rate discharge capacity and a significant capacity fade. This is attributed to an increase in lattice parameter and volume expansion during cycling, with the largest crystal sizes displaying the most significant structural changes due to the lower strain accommodation.
The addition of dopants, 8, 9 the optimization of Li[Ni 1/3 Co 1/3 Mn 1/3 ]O 2 morphology, 10, 11 and coatings have been studied to improve its performance during cycling at high rates. [12] [13] [14] The performance of Li[Ni 1/3 Co 1/3 Mn 1/3 ]O 2 is directly related to its crystal size, particle morphology, surface area, and cation mixing, which is dependent on the synthesis method. 15, 16 These methods have included coprecipitation, 17 sol-gel, 18 solid-state, 19 hydrothermal, 20 microemulsion, 21 and pyrolysis processes. 22 Much of the focus has been on improving performance by introducing novel synthesis methods, such as Wu et al., who synthesized nanoporous L333 by using vapor grown carbon fibers as templates, 23 by applying ZrFx, carbon, or Al 2 O 3 coatings, [12] [13] [14] and by adding dopants of Sn or Al. 8, 9 At the same time, it is critical to investigate the performance degradation mechanism along with all of these efforts. Manthiram and Choi 24 26 we perform a thorough investigation of the structure-performance relationships, which is of fundamental importance not only for its intrinsic scientific interest but also for its technological significance. 27, 28 The information revealed by this study will help to develop design strategies for cathodes that will enable high efficiency lithium-ion transport and extended lifetime batteries.
II. METHODS
A. Preparation of materials L333 powders were prepared using a two-step coprecipitation method. Stoichiometric amounts of nickel, cobalt, and manganese nitrates (99.5% purity, Aldrich Chemical Co.) were thoroughly dissolved in deionized water to achieve a homogeneously mixed 100 mM solution, followed by adding a small quantity of 2 M NaOH to adjust the solution pH to 10, thus, inducing precipitation. The resultant suspension was subsequently stirred at 600 rpm under a nitrogen atmosphere at room temperature for 1 h. The (Ni 1/3 Co 1/3 Mn 1/3 )(OH) 2 precipitate (i.e., precursor) was washed with DI water 3 times followed by a wash with pure ethanol, then dried under vacuum at 70°C for 12 h. The precursor was then mixed with a 5 wt% excess of LiOHÁH 2 O and subsequently ground with a mortar and pestle. The mixture was placed in an alumina boat and annealed in a tube furnace at different temperatures (i.e., 750-1000°C) for 3 h in air.
B. Material characterization
Phase identification was determined by x-ray diffraction analysis (XRD, PANalytical Empyrean, Almelo, The Netherlands) using Ni-filtered Cu K a radiation at 45 kV and 40 mA from 10-70°(2h). Using the resulting XRD diffraction patterns, crystallite diameters were calculated based on the Scherrer formula. Particle sizes and morphologies were observed using a scanning electron microscope (SEM, FEI XL30, Eindhoven, The Netherlands) at an accelerating voltage of 10 kV. The surface area of each sample was determined via BET nitrogen adsorption at 77 K using a Micromeritics Tristar 3000. All peaks from L333 were indexed on the basis of the hexagonal a-NaFeO 2 structure with the R 3m space group. Indexing of these diffraction patterns confirmed the formation of the layered L333 structure without any detectable impurities. All of the samples displayed doublet peaks for the (006)/(102) at 37°(2h) and the (108)/(110) reflections at 65°(2h), an indication of ordering of the hexagonal layered structures. 6 This reduction of cationic mixing enabled a more efficient intercalation and deintercalation of lithium ions inside the host matrix, leading to improved electrochemical performance. 29 It is also clear that with increasing annealing temperature, the peak-splitting became more pronounced, indicating an increased cationic ordering. Besides peak splitting, the ratio of the intensities of the (003) to (104) indices (i.e., I (003) /I (104) ) is an indicator of cation mixing in materials with a layered structure. For example, a ratio of I (003) /I (104) . 1.2 indicates lower cation mixing with highly ordered structures. 18 From Table I , we can clearly see that the ratios of I (003) /I (104) at 750, 850, 950, and 1000°C are 1.19, 1.28, 1.49, and 1.47, respectively, demonstrating an increase in cationic ordering with temperature and confirming results from the peak splitting analyses.
SEM micrographs of specimens annealed in air at different temperatures are illustrated in Fig. 2 . As expected, the micrographs show that the particle sizes increase with increasing annealing temperature. Confirmation of the particle crystallinity was demonstrated by TEM from previous work, 26 32, 33 The potential separations between the anode and cathode peaks are at 0.12, 0.21, 0.24, and 0.28 V for samples annealed at 750, 850, 950, and 1000°C, respectively. Here, there is an increased peak separation, which indicates a decreased rate constant for charge transfer due to the increasing crystalline sizes for specimens annealed at 750-1000°C. In addition, samples treated at 850 and 950°C display the highest peak currents (0.19 A/g, and 0.16 A/g) compared to samples annealed at 750 and 1000°C. It is clear that samples treated at 850 and 950°C which show smaller voltage differences between the charge and discharge as well as higher peak currents indicate better electrode reaction kinetics and rate performance. 34, 35 The initial charge/discharge profiles of cells with different L333 cathode crystal sizes are illustrated in Fig. 4 . The first discharge capacities are 155.1, 204.7, 191.6, and 139.3 mA h/g at 750, 850, 950, and 1000°C, respectively. Here the discharge capacities are comparable or even better than those currently reported. 36 The discharge plateaus for samples annealed at 850 and 950°C are longer compared to the other two samples, indicating the increased kinetics of these cathodes with increased annealing temperatures.
Further cycling charge-discharge capacities were measured at 0.1C for 10 cycles followed by 10 cycles at 0.2C, 0.5C, 1C, and 2C. Figure 5 (a) clearly demonstrates that the sample annealed at 850°C delivers the highest discharge capacity. Although the discharge capacity inevitably decreases with increasing current density, cathodes annealed at 850°C in air for 3 h delivered a discharge capacity of 119.9 mA h/g at 2C (Table II) , comparable with a carbon coated L333 system. 37 By comparing the samples annealed at 950 and 1000°C, which have similar cation ordering (I (003) /I (104) 5 1.49 and 1.47, respectively), the smaller crystal size (458 nm at 950°C) displays a higher capacity than larger ones (850 nm at 1000°C) due to the increased surface area and the decreased diffusion path for lithium ions.
Further calculations (Table II) show that the capacity difference between samples annealed at 850 and 950°C is smaller (;15 mA h/g) at low current densities (from 0.1 to 0.5C), but increases to 30 mA h/g at 1C and 40 mAh/g at 2C. Therefore, the smaller crystal size is beneficial under high rates.
The similar phenomenon was also reported by the other researchers in their nanomaterial system. 38 This is because the increased surface area provides increased interfaces between the electrolyte and the active material, at the same time, the smaller particle sizes shorten the diffusion path of lithium ions from the surface to the interior of particles, therefore delivering high capacity, especially at high rates. Figure 5(b) displays the cycling stability at 0.1C for all samples. Clearly, the 850 and 950°C samples carry higher discharge capacities with higher capacity retention (84% for 850°C and 88% for 950°C) compared with the other two samples (81% for 750°C and 79% for 1000°C) after 50 cycles.
C. Degradation
To investigate the degradation in performance for Li[Ni 1/3 Co 1/3 Mn 1/3 ]O 2 cathodes annealed at different temperatures, we disassembled the cells after 50 cycles and collected the cathode materials from the Al foil. The mixture was rinsed with NMP several times to remove the PVDF binder and the remaining organic solvents from the electrolyte. The material was subsequently dried in the vacuum oven for 2 days at room temperature and then subjected to XRD and SEM characterization. Figure 6 demonstrates the SEM micrographs of cathodes removed from the cells after 50 cycles. Based on analyses by EDS, smaller particles in each micrograph are mostly carbon that was mixed during the cell preparation.
The particles that were annealed at 750 and 850°C did not show obvious structural changes [Figs. 6(a) and 6(b), respectively]. However, some evidence of banding was observed in a few particles [see yellow arrows in Fig. 6(b) ]. Small cracks appeared in particles annealed at 950°C [ Fig. 6(c) ] and the significantly larger cracks and fractured particles were observed in samples annealed at 1000°C [ Fig. 6(d) ]. To study the crystal microstructure change, we conducted the further XRD analyses to calculate the lattice parameters and volume changes. . It can be seen that some of the peaks shifted to lower 2-theta values after cycling, indicating an increased lattice parameter and expanded volume. As discussed earlier, the peak splitting for the (006)/(102) and (108)/(110) reflections represents a well-ordered layered structure. After 50 cycles, the extent of splitting of peaks did not appear to change for specimens annealed at 750 and 850°C. However, the intensity of the splitting decreased for the sample annealed at 950°C [ Fig. 7(c) ] and was especially significant in the first peak splitting ((006)/(102) reflections). The sample annealed at 1000°C [ Fig. 7(d) ] showed a further decrease in peak intensity, with almost no splitting observed. These analyses are consistent with our SEM observations.
Detailed lattice parameters are listed in Table III , from which we can see that the 1000°C cathode shows the largest lattice parameter increase and volume expansion (2.15%), while samples annealed at 850 and 950°C display minimal changes. Here, we also observed that the percent change in the "a" lattice parameter (i.e., ,0.5%) is significantly less compared to those occurring in the "c" (;1 or .1%), indicating anisotropic degradation in the L333 system. It is known that lithium ions move along the ab plane in L333 during lithiation and delithiation. Thus, we suspect that parameter c change in this crystal structure degradation is comparably a mild effect to the performance compared to changes along a and b. By combining the above SEM and XRD analyses with charge-discharge cycling performance, it is clear that smaller particle sizes will yield smaller structural changes and thus, better strain accommodation, which is also observed in LiCoO 2 cathodes as well as Si-based anodes. [39] [40] [41] [42] According to Liu et al., 39 there exists a critical particle size of ;150 nm below which cracking did not occur, and above which surface cracking and particle fracture took place upon lithiation. The unexpected surface cracking is attributed to the development of hoop tension in the surface layer, resulting from a unique lithiation mechanism in crystalline Si nanoparticles by means of motion of a two-phase interface. In the study of Zhao et al., 42 the inhomogeneous distribution of lithium in LiCoO 2 results in stresses that may cause the particle to fracture. This might also apply to the L333 system based on the similar results, which is currently under investigation. One exception to this was the sample annealed at 750°C. In this sample, it is believed that reduced ordering in the noncycled layered structure (I (003) /I (104) 5 1.19) yielded poorer performance compared to samples annealed at 850 and 950°C.
In Figs. 7(c) and 7(d), it is clear that the intensity of some high index/low intensity crystallographic reflections was reduced or eliminated after extended electrochemical cycling (i.e., 50 cycles). For example, we observed that the (009) reflection in the 1000°C annealed specimen almost completely disappears after 50 cycles. Careful observation of particles from Figs. 6(b)-6(d) reveals that many of the fractures initiate in specimens annealed at lower temperature (i.e., 850°C) and are significantly exacerbated in specimens annealed at higher temperature (e.g., 1000°C). Since lithium intercalation and deintercalation occur between metal oxide layers, which are parallel to (00l) planes, there are stresses developed due to volumetric strain. Thus, cracks are likely to develop along these planes. In fact, Fig. 6(b) shows a few particles that are apparently fracturing along parallel planes. During this fracture, it is clear that the severe fragmenting due to strain in larger crystals annealed at higher temperatures has reduced the faceting, fractured specimens along low index planes and subsequently reduced the intensities of higher order crystal reflections.
IV. CONCLUSIONS
We have systematically investigated the effects of crystal structure and size on the performance of 2 has the increased ordering of the hexagonal a-NaFeO 2 layered structure and increased crystallite sizes. Samples annealed at 850 and 950°C, which have clear peak splitting, higher cation ordering, and uniform crystal sizes, demonstrated better electrochemical performance. The higher cationic ordering provides better cycling performance for the crystal sizes below 500 nm. In addition, crystal size has a key effect on the performance, especially for the high-current density discharge capacity. Due to the lower strain accommodation within the larger particles, cracks form in the microstructures during lithiation/delithiation, which results in a fast capacity fade. 
